During infection of cells with herpes simplex virus type 1 (HSV-1), the large concatemeric products of DNA replication are cleaved to unit length and packaged into preassembled capsids. Capsids are icosahedral structures composed of 150 hexons and 12 pentons. Three types of capsids (A, B, and C) can be isolated from infected cells by velocity centrifugation (20) . C capsids contain the viral DNA genome; B capsids contain the scaffolding protein; and A capsids contain neither DNA nor the scaffolding protein. Pulse chase experiments with another alphaherpesvirus, equine herpesvirus 1, indicate that at least some B capsids can package DNA and mature into infectious virions, while A capsids cannot (46) . By analogy with the bacteriophages, these results suggest that B capsids represent procapsids which are intermediates in the packaging process. However, a new intermediate in the assembly process has recently been identified (41, 62) . These newly identified capsid forms observed in in vitro assembly extracts have the same protein content as B capsids but are more spherical; these capsids are unstable and adopt the more angular form characteristic of B capsids after prolonged incubation in vitro. These results suggest that the unstable spherical forms may represent the true procapsid intermediate (41, 62) .
In many bacteriophages, the procapsid contains at least three essential components: an icosahedrally arranged protein shell, an internal scaffold, and a dodecameric ring called the portal vertex through or around which the phage DNA is taken up (8, 11, 18) . For HSV-1, the outer shell is composed of four proteins: the major capsid protein, VP5; a small protein bound to hexons, VP26; and a triplex structure made up of heterotrimers of VP19C and VP23 (reviewed in reference 56). VP24, VP21, and VP22a are found in the interior of the capsid and are encoded by overlapping genes UL26 and UL26.5; VP21 and VP22a are present in B but not A or C capsids and are considered to make up the internal scaffold (reviewed in ref- erence 56) . Although bacteriophages contain a portal vertex, no such structure has been observed in HSV-1 capsids. Whether the herpesviruses have a unique portal vertex through which viral DNA is taken up is unclear; it is possible that this type of unique vertex is only needed in viruses which have a tail. Capsids indistinguishable from those isolated from HSV-1-infected cells have been observed in extracts from insect cells infected with recombinant baculoviruses bearing HSV-1 capsid genes (42, 60) . Therefore, it is clear that these proteins are sufficient for capsid assembly in vitro; however, it is not known whether capsids formed in vitro are competent for DNA uptake. It is possible that minor components of capsids play important roles in genome encapsidation.
In addition to the capsid proteins, at least six genes are essential for the encapsidation of viral DNA: the UL6, UL15, UL25, UL28, UL32, and UL33 genes. Temperature-sensitive (ts) strains with mutations in these genes have similar phenotypes, in that viral DNA can be replicated but not cleaved and packaged (1, 2, 4, 6, 48, 51, 54, 55, 66) . Strains with null mutations in the UL6, UL15, UL25, UL28, and UL33 genes have been isolated and characterized, thereby confirming the roles of these genes in cleavage and packaging (5, 27, 37, 45, 59, 68) . Despite the identification of these required genes, the mechanism by which viral DNA is cleaved and packaged is not understood, nor has the role of any of the gene products been determined. The UL6 and UL25 proteins have been detected in A, B, and C capsids as well as in virions (3, 28, 37, 44) ; however, the precise role of these two proteins in capsids remains to be determined.
A ts UL32 mutant, tsN20, defective in cleavage and packaging, has been reported previously (51) . Because mutants with lesions resulting in temperature sensitivity are often prone to problems associated with incomplete penetrance at the nonpermissive temperature, we isolated a UL32 insertion mutant, hr64. Characterization of hr64 confirms that UL32 is essential for cleavage and packaging. Previous studies demonstrated that UL32 localizes to the cytoplasm of infected cells (13) . We have used a functional epitope-tagged version of UL32 to confirm that in infected cells, this protein is mainly cytoplasmic, although some nuclear staining was observed.
HSV-1 DNA replication occurs in globular nuclear domains termed "replication compartments" initially identified by ICP8 (UL29) staining patterns in an immunofluorescence assay (49) . All seven replication proteins have now been localized within replication compartments (10, 24, (29) (30) (31) 43) as has regulatory protein ICP4 (26, 50) . Ward et al. have recently reported that at late times after infection (18 h), capsids accumulate in the nucleus in regions distinct from replication compartments (64) . These authors suggest that these regions represent assembly stations in which DNA is packaged. We report herein, however, that at 6 and 8 h postinfection, capsids colocalize with ICP8 in replication compartments. This suggests that at these early times, cleavage and packaging occur within replication compartments. Furthermore, we report that in cells infected with the UL32 mutant virus, capsids are distributed throughout the nucleus, accumulating in regions outside the replication compartments. This suggests that UL32 may play a role in the efficient localization of capsids in infected cells.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney cells (Vero; American Type Culture Collection, Rockville, Md.) were propagated and maintained as previously described (65) . HSV-1 strain KOS was used as the wild-type virus and the parental virus for the isolation of the UL32 host range mutant. tsN20, a ts UL32 mutant, was generously provided by Priscilla A. Shaffer (University of Pennsylvania, Philadelphia). hr74 containing a lacZ insertion in the UL6 gene was previously described (27) . KUL25NS, a mutant with an in-frame stop codon in the UL25 gene, was generously provided by Fred Homa (Pharmacia and Upjohn, Kalamazoo, Mich.) (37) .
Plasmids. The pAPV vector contains the inducible HSV-1 promoter from the ICP6 gene and the simian virus 40 (SV40) polyadenylation sequence on either side of a BamHI site into which genes to be expressed can be cloned. pAPV was generated by ligating the HindIII-XhoI fragment containing the ICP6 promoter into pUC118 digested with HindIII-SalI. A BamHI-to-BclI fragment from SV40 containing the poly(A) site was then inserted at the BamHI site. pAPVUL6, containing the UL6 sequences from nucleotide (nt) 15103 to nt 17323, under the control of the ICP6 promoter, was generously provided by Fred Homa. p1BD1 contains the BglII D fragment of HSV-1 (14) . p205, containing the UL31, UL32, and UL33 genes, was obtained by subcloning the EcoRV-to-HpaI fragment (nt 63987 to nt 70315) from p1BD1 into SmaI-digested pUC119. pAPVUL32, containing the UL32 gene under the control of the ICP6 promoter, was generated in several steps. A BamHI fragment from p205 containing the sequence of the UL32 gene (nt 68885 to nt 70168) encoding the N-terminal portion of UL32 was inserted at the BamHI site of pAPV to generate pAPVUL32 GP. To position the UL32 gene initiation codon (nt 69159) downstream from the ICP6 promoter, pAPVUL32 GP was digested with XbaI, which releases a fragment from nt 69247 to nt 70168, and religated to generate pAPVUL32 F. A BamHI fragment containing the UL32 gene sequences (nt 68338 to nt 66238) was inserted into the unique BamHI site of pAPVUL32 F to generate pAPVUL32 S. A BstEII-to-SalI fragment (nt 68938 to nt 67771) was subsequently inserted into pAPVUL32 S digested with BstEII-SalI to obtain the final construct, pAPVUL32. In pAPVEEUL32 the coding sequence for the EE epitope was fused in frame to that for the N terminus of the UL32 protein in pAPV as follows. A SmaI-toBamHI fragment containing UL32 gene sequences (nt 69144 to nt 68885) from pAPVUL32 was ligated with pUC119 digested with SmaI and BamHI to generate p32 S/B. Two annealed synthetic complementary oligonucleotides containing coding sequences for the EE epitope (EEYMPME) and the four amino acids of UL32 upstream of the position corresponding to the SmaI site (nt 69144) were inserted in p32 S/B digested with EcoRI and SmaI. Oligonucleotide 5Ј-GGGG GGCGAAGTTGCCATTTCCATTGGCATATA TTCTCCATGG-3Ј and its complement were designed to yield a blunt SmaI site and a cohesive EcoRI site on annealing. Nucleotides corresponding to the EE epitope are underlined. The resulting plasmid, pEE32S/B, was subsequently digested with NcoI and BstEII to obtain a fragment that contained the coding sequence for the EE epitope in frame with the N terminus of UL32; this fragment was subsequently inserted into pAPVUL32 digested with NcoI and BstEII to generate pAPVEEUL32. pUL32lacZ, containing the UL32 gene disrupted by the lacZ cassette at the codon for amino acid 274, was constructed in two steps. A KpnI-to-XbaI fragment containing the UL32 gene sequences (nt 66660 to nt 69247) was inserted into XbaI-KpnI sites of pUC119 to obtain pUC UL32. The ICP6::lacZ cassette was subsequently inserted in pUC UL32 at the BamHI site (nt 68338) (Fig. 1) . The direction of transcription of the lacZ gene in pUL32lacZ is inverted with respect to the direction of transcription of the UL32 gene.
pGST-UL6, containing the coding sequence for the C-terminal region of UL6 (amino acid residues 381 to 676) fused with the glutathione S-transferase (GST) gene, was constructed as follows. The Asp718 fragment (nt 16273 to 17793) containing the sequence of the UL6 gene encoding the C-terminal portion of UL6 was inserted into Asp718-digested pUC119. This fragment was released by digestion with BamHI and EcoRI and cloned in frame with the GST gene sequence into plasmid pGEX-2T (Pharmacia) digested with BamHI-EcoRI. pAPVAU1-UL6 contains the UL6 gene, whose product has an epitope tag at its N terminus. Plasmid pNN9 containing two copies of the 5.9-kb BamHI K fragment from strain KOS cloned into pUC19 was generously provided by Mark Challberg (National Institutes of Health, Bethesda, Md.).
Isolation of UL32 cell lines. To generate cell lines containing the UL32 gene under the control of inducible promoter ICP6, Vero cells were cotransfected with pSV2neo and pAPVUL32 as described previously (21) . In brief, pSV2neo (2 g) and pAPVUL32 (18 g) were coprecipitated in a final volume of 1 ml and mixed with freshly trypsinized Vero cells in suspension (25) . Two weeks after transfection, G418-resistant colonies were collected and screened for their ability to support the growth of a ts UL32 mutant (tsN20) at the nonpermissive temperature of 39.5°C.
Marker transfer. Marker transfer experiments were performed as previously described (23, 71) . Transfections were carried out in the UL32-permissive cell line with linearized pUL32lacZ and infectious wild-type (KOS) DNA at a molar ratio of 10:1. Cells (1.5 ϫ 10 6 ) were transfected with 0.4 g of the linearized plasmid and 0.8 g of infectious DNA.
Transient complementation test. Transient complementation was performed as previously described (35) .
DNA isolation, Southern blotting, and PFGE. Infectious viral DNA was prepared as previously described (72) . Cellular DNA was isolated as previously described (67) . For DNA analysis by Southern blot hybridization, virion or infected-cell DNA was digested with restriction endonucleases as directed by the manufacturer, subjected to agarose gel electrophoresis, and transferred to Gene Screen Plus nylon membranes (New England Nuclear Corp., Boston, Mass.) as recommended by the supplier. DNA fragments to be used as probes were labeled as described previously (19) by the random hexamer primed method (Boehringer Mannheim). Pulsed-field gel electrophoresis (PFGE) was performed as previously described (34) . DNase I protection. Vero cells on a 60-mm-diameter plate were infected at a multiplicity of infection (MOI) of 10 PFU/cell with wild-type KOS or mutant viruses. At the end of the 1-h adsorption period the cells were washed three times with medium and overlayed with complete medium. Time zero DNA is DNA from cellular extracts collected immediately after the 1-h adsorption period. The DNase protection experiment was performed as previously described (68) .
Analysis of viral capsids and virions. HSV-1 viral particles were isolated as described by Sherman and Bachenheimer (55) with some modifications. At 18 h postinfection cells were scraped and collected by low-speed centrifugation (4°C, 10 min), resuspended in phosphate buffer (40 mM phosphate [pH 7.4], 0.15 M NaCl) with 1% Nonidet P-40 (NP-40), and treated with a probe sonicator. The total cellular lysate was layered onto 15-to-45% (wt/wt in phosphate buffer) sucrose gradients and centrifuged at 35,000 rpm for 30 min in an SW41 rotor. To prepare large quantities of capsids, 40 10-ml-diameter plates of 60 to 70% confluent monolayers of Vero cells were infected at an MOI of 6 PFU/cell for 24 h. Infected cells were lysed with 50 ml of phosphate buffer with 1% NP40. After low-speed centrifugation, the pellet was resuspended in 20 ml of TEN buffer (20 mM Tris-HCl [pH 7.4], 1 mM EDTA, 0.5 M NaCl) and frozen and thawed three times. A probe sonicator was used to clarify the extract (1 min) before it was layered on a 35% (wt/wt) sucrose cushion, which was centrifuged at 19,600 rpm in an SW41 rotor for 1 h. The pellet containing the capsids was carefully resuspended with 400 l of TEN-NP-40 containing 5 mM MgCl and 10 mM dithiothreitol and layered on a 15-to-45% sucrose gradient. Capsid bands were visualized by light scattering upon illumination with a halogen fiber optic lamp. Bands corresponding to A, B, and C capsids were removed from each gradient by side puncture with an 18-gauge needle on a 5-ml syringe. Each band was diluted fivefold with phosphate buffer and pelleted by centrifugation at 35,000 rpm in an SW41 rotor for 1 h. Alternatively, the collected band was diluted 1:3 in phosphate buffer and layered on a second sucrose gradient for further purification. The pellets were resuspended in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by Western blotting. Mature virions were prepared as previously described (58).
Antibodies. pGST-UL6 described above was used to transform UT481 cells. Expression of the fusion protein was induced by 0.4 M IPTG (isopropyl-␤-Dthiogalactopyranoside) when the culture reached an A 600 of 0.4 at 37°C. SDS-PAGE was used to visualize a protein of the expected size in the IPTG-induced bacterial culture which was not present in the uninduced culture. Cells were lysed with a French press apparatus. The vast majority (90%) of the expressed protein was present in the insoluble fraction of the lysed cells. This protein was purified by SDS-PAGE with a 10% preparative gel. After staining with Coomassie blue and destaining, gel slices containing the GST-UL6 protein were excised, washed in distilled water, and sent to HRP Inc. (Denver, Pa.) for antiserum production in rabbits (␣-UL6). The UL32 polyclonal antibody was generously donated by Bernard Roizman (University of Chicago, Chicago, Ill.) (13) . Anti-EE ascites was previously described (30) . Anti-ICP8 was generously provided by William Ruyechan (State University of New York at Buffalo, Buffalo) (53). Monoclonal antibody 5C was generously provided by Jay Brown (University of Virginia Health Science Center, Charlottesville) (63) .
Detection of proteins by immunoblotting. Vero cells were plated onto 60-mmdiameter tissue culture dishes. At 18 h postinfection, the cells were processed as previously described (35) . Samples were subjected to SDS-10% PAGE, and the proteins were transferred for 2 h onto an Immobilon-P membrane (Millipore, Bedford, Mass.) in 25 mM Tris-192 mM glycine-20% methanol (61) . The filters were incubated in TBST (10 mM Tris [pH 8.0], 150 mM NaCl, 0.1% Tween 20) containing 20% fetal calf serum and 1% bovine serum albumin for 1 h at room temperature and were incubated overnight at 4°C with the ␣-UL6 antiserum, diluted 1:1,500 in TBST. After five washes in TBST, the filters were incubated in TBST containing goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate (Promega, Madison, Wis.). Alkaline phosphatase color development was carried out as previously described (72) . For UL32 protein detection, the blot was incubated in 5% dry milk in phosphate-buffered saline (PBS) for 1 h at room temperature and incubated with a 1:500 dilution of the UL32 antibody for 1 h. After four washes with PBS-dry milk suspension the blot was incubated for 1 h at room temperature with secondary antibody and developed as described above. Alternatively, the enhanced chemiluminescence (ECL) detection system (Amersham, Arlington Heights, Ill.) was used as recommended by the supplier.
Indirect immunofluorescence. The ICP6 promoter can be induced with either of the two transactivators ICP0 and VP16 (17, 22, 57) . Vero cells were cotransfected (21) with equal amounts of pAPVEEUL32 and pVP16 (33) and grown on coverslips for 24 h, or cells were transfected with pAPVEEUL32 and infected 18 h later for 6 h prior to fixation. Cells were fixed and processed for immunofluorescence as previously described (30) . In these experiments the EE monoclonal antibody was diluted 1:500 and anti-ICP8 was used at 1:400. Cells infected with the wild-type KOS strain or the mutant viruses were fixed and processed as described above. In these experiments monoclonal antibody 5C was used at 1:1,000. All double-labeled cells were checked for bleed-through staining and cross-reactivity by treatment with only a single primary antibody and both secondary antibodies.
Imaging. Cells stained for immunofluorescence were imaged on a Zeiss Axiovert 135 laser scanning microscope (confocal) equipped with a ZeissX630 Plan Neofluar objective. Collected images were arranged and labeled with a Silicon Graphics workstation equipped with Adobe Photoshop version 3.0 software. To obtain the three-dimensional images of replication compartment and capsid staining patterns, a series of two-dimensional slices (Z series) 0.3 thick were imaged on the confocal microscope. Collected Z series images were subsequently analyzed and displayed by the Voxel View 2.5 program.
RESULTS
To propagate a potentially lethal mutation in the UL32 gene, it was first necessary to isolate a complementing cell line. Vero cells were transfected with pAPVUL32 and pSV2neo as described under Materials and Methods. Ten G418-resistant cell lines were isolated, and the one which could support the growth of tsN20 at the nonpermissive temperature most efficiently was designated 158. To isolate a viral mutant containing a disrupted UL32 gene, a plasmid containing the ICP6::lacZ cassette inserted at the codon for amino acid 274 within the UL32 gene was used for marker transfer. The permissive cell line, 158, was cotransfected with infectious KOS DNA and pUL32lacZ as described under Materials and Methods. Three blue plaques were purified and one, designated hr64, was chosen for further study. We confirmed by Southern blot analysis that DNA from hr64 contains the ICP6::lacZ cassette at the expected position (data not shown).
Characterization of the UL32 mutant. The UL32 mutant was then examined for its ability to form plaques on permissive and nonpermissive cells (Vero and 158). hr64 was unable to form plaques on Vero cells, but it could efficiently form plaques on 158 cells (titer on 158 cells, 5 ϫ 10 7 PFU/ml). The ability to form plaques on 158 cells but not on Vero cells indicates that hr64 carries a defective UL32 gene. This result was further confirmed in a transient complementation assay; Vero cells were transfected with pAPVUL32, which expresses wild-type UL32, and superinfected with hr64. pAPVUL32, but not a control plasmid containing the UL6 gene under the control of the ICP6 promoter, was able to complement the growth of hr64 (data not shown). In sum, these results indicate that the mutation in hr64 lies within the UL32 gene.
In addition, hr64 was tested for expression of the UL32 protein during infection of permissive and nonpermissive cells. The UL6 mutant hr74 was used as a control in these experiments. Total cell extracts from infected cells were subjected to Western blot analysis with the polyclonal UL32 antiserum as described under Materials and Methods. Figure 2 clearly shows that a band of 68 kDa corresponding to the UL32 protein is present in KOS-and in hr74-infected cells (Fig. 2,  lanes 2 and 4, respectively) . On the other hand, the 68-kDa protein was not detected in mock-or hr64-infected Vero cells (Fig. 2, lanes 1 and 3, respectively) . A smaller band of 30 kDa is present in hr64-infected Vero cells (Fig. 2, lane 3) . Since the lacZ gene in hr64 was inserted at the codon for amino acid 274, it is likely that this 30-kDa band represents the N-terminal portion of UL32. This truncated UL32 protein is not sufficient for viral growth, as demonstrated by the inability of hr64 to form plaques on Vero cells (see above). Furthermore, the behavior of hr64 on the complementing cell line (see below) suggests that the truncated form does not exhibit any inhibitory effect. When 158 cells were infected with the mutant hr64, two bands corresponding to the full-length UL32 protein and to the truncated version were observed (Fig. 2, lane 6) . Thus, we confirm that hr64 does not express the full-length UL32 protein in nonpermissive Vero cells.
The UL32 mutant can synthesize viral DNA but is defective for cleavage. We tested the ability of hr64 to synthesize and process viral DNA. DNA extracts from infected cells were assayed for hybridization to an HSV DNA probe as previously described (72); hr64 synthesizes viral DNA at near-wild-type levels (data not shown). To measure genomic cleavage activity during viral infection, we tested for the presence of genomic termini in DNA extracted from hr64-and UL6 mutant hr74-infected cells at 18 h postinfection. BamHI digested-DNA from hr64-, hr74-, and KOS-infected Vero and 158 cells was subjected to Southern blot analysis. As shown in Fig. 3A , only KOS-infected Vero and 158 cells (lanes 1 and 2, respectively) and hr64-infected 158 cells (lane 6) contain genomic termini, represented by the BamHI fragments S and Q. In contrast, Vero and 158 cells infected with hr74 (lanes 3 and 4, respectively) and Vero cells infected with hr64 (lane 5) contain only DNA corresponding to the L-S junction fragment (designated SQ), indicating that these viruses do not produce genomic termini. The amounts of junction fragment are comparable in all three lanes, confirming that viral DNA synthesis is unaffected in mutants hr74 and hr64.
To confirm the inability of hr64 to carry out genomic cleavage, we analyzed the behavior of viral DNA from mutant and wild-type viruses by PFGE. During replication, viral DNA accumulates as concatemeric complex intermediates that are unable to enter a pulsed-field gel (well DNA), while mature monomeric viral DNA (152 kb) is well resolved (7, 34, 38, 52, 70) . Figure 3B shows a Southern blot analysis of a pulsed-field gel of viral DNA prepared from KOS-infected Vero cells (lane 1) or hr64-infected Vero or 158 cells (lanes 2 and 3, respectively). Monomeric viral DNA (152 kb) is present in Vero cells infected with KOS and not in Vero cells infected with hr64 virus. Monomeric viral DNA is present in 158 cells infected with the hr64 virus. We conclude that the UL32 insertion mutant synthesizes wild-type levels of viral DNA but fails to process the DNA into monomeric units.
The UL32 mutant is defective for encapsidation. Once replicating DNA has been cleaved and packaged, a DNase-resistant band representing a monomer unit of viral DNA can be detected in extracts of infected cells. DNA extracts from cells infected with KOS or hr64 for different times were treated with DNase I as described under Materials and Methods. Figure 4 (lanes 1 to 6) shows that in KOS-infected Vero cells, DNaseresistant monomeric DNA can be detected as early as 6 h postinfection. On the other hand, no DNase-resistant DNA was observed in cells infected with hr64 (Fig. 4, lanes 7 to 12) . The faint band observed in all the lanes (lanes 8 to 12) is comparable to the band present at time zero (lane 7), indicating that these bands represent input viral DNA.
By analogy with other cleavage/packaging mutants, cells infected with the UL32 mutant would be expected to exhibit an altered pattern of capsid formation compared to the wild type. After lysis and sonication of infected cells in 1% NP40, wholecell extracts were analyzed by sucrose gradient sedimentation. KOS-infected cells exhibit three types of capsids (A, B, and C), while UL32 mutant virus-infected cells produce only B capsids (data not shown). This result is consistent with a defect in cleavage and packaging. 
UL32 is not detected in capsids or in virions.
Cleavage/ packaging proteins UL6 and UL25 are associated with A, B, and C capsids found in infected cells (28, 37, 44) ; UL6 and UL25 are also found in complete virions (3, 28, 44) . In order to determine whether UL32 is also associated with capsids and/or virions, we prepared B capsids and mature virions and analyzed by Western blotting as described under Materials and Methods. Figure 5 shows that UL32 is not detected in B capsids or virions from KOS-infected cells (Fig. 5, lanes 1 and 5,  respectively) . As expected, UL32 (marked by an arrow) can easily be detected in KOS-infected cell extracts (Fig. 5, lane 3) but not in mock-or hr64-infected cell extracts (Fig. 5, lanes 2  and 4) . The band, just below the band marked by an arrow, present in hr64-infected Vero cells is not specific since a similar band is also present in mock-infected cells. Thus, it appears that UL32 is not present in B capsids or in virions, although at this point we cannot rule out the possibility that UL32 is present at too low a level to be detectable with the antibody used.
Expression and capsid localization of other cleavage/packaging proteins in cells infected with the UL32 mutant virus.
Since mutations in the cleavage and packaging genes produce similar phenotypes, we were interested in whether the expression of one viral gene affects the expression of the others. Western blot analysis indicates that the levels of UL6, UL15, UL25, and UL28 proteins, as well as levels of protease and scaffold proteins, in Vero cells infected with a UL32 mutant are similar to those seen in wild-type infections (data not shown). This result indicates that the expression of these proteins is not dependent on the presence of a functional UL32. Likewise, we asked whether the presence of UL6 and UL25 in capsids was dependent on the expression of UL32. Therefore, hr64-infected Vero cells were collected at 20 h postinfection and B capsids were prepared as described under Materials and Methods. Figure 6A shows that the UL6 protein is present in B capsids from both KOS-and hr64-infected cells (Fig. 6A,  lanes 1 and 2, respectively) . As expected, the UL6 protein can be detected in KOS-infected cell extracts and in virions from KOS-infected cells (Fig. 6A, lanes 4 and 6) but not in mock-or hr74-infected cell extracts (Fig. 6A, lanes 3 and 5, respectively) . Similar results were obtained with the UL25 polyclonal antibody, as shown in Fig. 6B . B capsids collected from KOS-and hr64-infected cells contain UL25 protein (Fig. 6B, lanes 3 and  4) as do KOS-infected cell extracts (Fig. 6B, lane 2) and virions from KOS-infected cells (Fig. 6B, lane 6) . On the other hand UL25 is not detected in mock-infected cell extracts or in extracts from cells infected with virus lacking UL25 (Fig. 6B,  lanes 1 and 5, respectively) . The presence of UL6 and UL25 in B capsids in cells infected with viruses lacking UL32 indicates that the accumulation of UL6 and UL25 in B capsids is not dependent on the expression of full-length UL32.
Intracellular localization of UL32. Previous studies have shown that in infected cells, the UL32 protein was found predominantly in the cytoplasm (13) . Although in that report a small amount of nuclear staining was also observed at 18 h postinfection, we were intrigued by the unexpected distribution of a protein that has a role in cleavage and packaging. We constructed an epitope-tagged version of UL32 containing the EE epitope (EEUL32) in frame with the N-terminal portion of the UL32 protein. The plasmid encoding this construct, pAPVEEUL32, was found to be able to complement UL32 mutant virus hr64 as well as the wild type in a transient complementation assay (data not shown). This indicates that EEUL32 is functional. Vero cells were transfected with pAPVEEUL32 and a transactivator and processed for immunofluorescence with the monoclonal EE antibody and the polyclonal UL32 antibody as described under Materials and Methods (Fig. 7A and B, respectively). Although both antibodies are presumably detecting the UL32 gene product, the staining patterns differ somewhat. The monoclonal antibody clearly detects UL32 in the cytoplasm and in the nucleus (Fig. 7A) ; the polyclonal antibody detects UL32 mainly in the cytoplasm with very faint staining in the nucleus (Fig. 7B) . In Fig. 7C , a merged image is shown. Control experiments indicate that the EE antibody does not react with untransfected cells (data not shown). It is possible that the EE antibody reaction with its epitope is much stronger than that of the polyclonal serum with UL32; alternatively, the polyclonal antibody may not recognize nuclear UL32 as efficiently. In any case, we have demonstrated that UL32, when expressed only with transactivator VP16, accumulates in both the nucleus and the cytoplasm. In contrast, in cells transfected with a plasmid bearing a tagged version of the UL6 gene, another cleavage/packaging gene, UL6 can efficiently localize to the nucleus on its own (32) .
In order to determine the localization of UL32 in infected cells, Vero cells were transfected with pAPVEEUL32 and superinfected with hr64 at an MOI of 10 PFU/cell (Fig. 7D to F) . Although most cells will be infected under these conditions, only a fraction of cells are expected to be transfected. To ensure that all the transfected cells were also infected, cells were double stained with the EE antibody and with a polyclonal antibody directed against ICP8 (anti-ICP8), the major DNA-binding protein of HSV-1. ICP8 is found in globular nuclear domains termed replication compartments, in which viral DNA synthesis is known to occur (49). In Fig. 7 , panel D shows the EE staining pattern, panel E shows the ICP8 staining pattern, and panel F shows the merged image. ICP8 staining in panel E indicates that most of the cells are infected; characteristic replication compartments are observed. Figure 7D shows that in cells that are transfected and infected, the EE staining (UL32 protein) is predominantly in the cytoplasm. Nevertheless, in these cells, some EE staining is seen in the   FIG. 7 . Localization of UL32 in cells transfected with pAPVEEUL32. Cells shown in panels A to C were transfected with pAPVUL32 and pVP16 as described under Materials and Methods. Cells shown in panels D to F were transfected with pAPVEEUL32 and superinfected with hr64. In panels A and B, green represents staining with the EE monoclonal antibody and red represents staining with the UL32 polyclonal antibody, respectively. In panel D green represents staining with the EE monoclonal antibody, and in panel E red represents staining for ICP8. Panels C and F show the merged images of the staining patterns. Bars ϭ 10 m.
nucleus, in a pattern that colocalizes with that of ICP8 (Fig.  7F) . Cells that do not react with the EE antibody are cells which are infected but not transfected ( Fig. 7D and E) ; the lack of reactivity in these cells indicates that the antibody does not cross-react with other viral proteins. In sum, although in infected cells most of the UL32 protein localizes to the cytoplasm, the UL32 protein in the nucleus appears to be present in replication compartments.
Capsids localize to replication compartments. Ward et al. have proposed that at late times after infection, some capsid and tegument proteins assemble in discrete nuclear structures at the borders of replication compartments and that these sites represent sites of capsid assembly and encapsidation (64). Since we and others (70) have shown that encapsidation begins as early as 6 h postinfection (Fig. 4) , we decided to look at the localization of capsids at earlier times. Furthermore, at 6 and 8 h postinfection, the cells are still well attached to the coverslips and cellular structures are more recognizable than at later times. Three monoclonal antibodies (8F5, 5C, and 3B) which recognize distinct epitopes of major capsid protein VP5 on the capsid itself have been reported (63); however, they do not recognize VP5 in a Western blot (40a, 63). These conformational epitopes have been used previously as probes for assembled capsid structures (36); monoclonal antibodies 8F5 and 5C recognize hexons, while 3B is specific for pentons.
In this study, assembled capsids were stained with monoclonal antibody 5C, which recognizes hexons within preassembled capsids. Vero cells were infected with KOS, the UL6 mutant (hr74), or the UL32 mutant (hr64) for 6 h at an MOI of 10 PFU/cell and stained with monoclonal antibody 5C to label hexon-containing capsids. Figure 8B and E show that in Vero cells infected with KOS or hr74, hexon staining is restricted to regions resembling replication compartments, well-defined structures in which DNA synthesis occurs (49) . Vero cells infected with hr64 (Fig. 8H) , on the other hand, exhibit an altered pattern of hexon staining in which capsids are distributed throughout the nucleus, with some accumulation at the periphery of the nucleus. In order to determine the localization of capsids with respect to replication compartments, the same Vero cells infected with KOS, the UL6 mutant (hr74), or the UL32 mutant (hr64) were also labeled with the ICP8 polyclonal antibody (Fig. 8A, D, and G, respectively) . The replication compartments seen at 6 h postinfection are large globular domains that take up a large portion of the nucleus; however, as has been seen before, replication compartments do not occupy the entire nucleus (Fig. 8A, D , and G). ICP8 staining is not seen in the nucleolus, nor does it extend to the periphery of the nucleus. These patterns are consistent with previous reports by de Bruyn Kops and Knipe (16) . When the staining patterns of ICP8 and monoclonal antibody 5C are merged, it becomes apparent that in KOS-and hr74-infected Vero cells, hexon staining is indeed restricted to the replication compartments ( Fig. 8C and F, respectively) . The demonstration that in cells infected with wild-type virus for 6 h capsids colocalize with replication compartments suggests that cleavage and packaging occur in these structures.
On the other hand, hr64-infected cells exhibit a very different staining pattern (Fig. 8G to I ). As mentioned above, these cells contain replication compartments similar to those seen in wild-type-or hr74-infected cells; however, the merged image (Fig. 8I) indicates that the distribution of hexon-containing capsids is not restricted to replication compartments. Hexon staining is observed throughout the nucleus and is present in the areas, especially around the periphery of the nucleus, in which replication compartments are not seen ( Fig. 8H and I) . To confirm that hexon staining is not restricted to the replication compartments, we used the Voxel View program to create three-dimensional images of replication compartment and capsid staining patterns. Figure 8J and K show Vero cells infected with KOS and the UL32 mutant, hr64, respectively. The green regions represent hexon-containing capsids, while the red regions represent replication compartments. In KOS-infected cells (Fig. 8J) , the green and red regions colocalize. In hr64-infected cells (Fig. 8K ) some of the green color is observed within replication compartments (red); however, a significant portion of the green is visible outside the red regions. The image reconstructions confirm our previous observations that in Vero cells infected with the UL32 mutant, capsids are not restricted to replication compartments. When hr64 was used to infect 158 cells, the complementing cell line expressing the UL32 protein, the hexon staining pattern was found to resemble that of wild-type virus (data not shown), confirming that the alteration in capsid staining in hr64-infected Vero cells is due to the defect in the UL32 gene.
DISCUSSION
We report the construction and characterization of a UL32 insertion mutant, hr64, which fails to form plaques on Vero cells and which is defective for cleavage and packaging. Both the growth phenotype and the cleavage and packaging defects are corrected when hr64 is grown on the complementing cell line which expresses only the UL32 gene. These results confirm previous results with ts mutant tsN20 (55) . While two other cleavage/packaging gene products (UL6 and UL25) appear to be associated with A, B, and C capsids and with virions, in our hands UL32 has not been detected in B capsids or in virions. On the other hand, UL6 and UL25 are still present in B capsids made in cells infected with the UL32 mutant, indicating that UL32 is not required for the correct localization of UL6 and UL25 in the capsids.
Chang et al. (13) previously reported that UL32 can be detected primarily in the cytoplasm of infected cells. Using an epitope-tagged version of this protein, we were able to detect some UL32 staining in the nuclei of infected cells in addition to the cytoplasmic staining. The UL32 which is in the nucleus appears to localize to replication compartments. Furthermore, in cells transfected with the UL32 gene, both nuclear and cytoplasmic staining was observed, indicating that no other cleavage/packaging or capsid proteins are required for the cytoplasmic and nuclear localization patterns. Finding UL32 in the nucleus is consistent with its putative role in cleavage and packaging. The reason for the presence of UL32 in the cytoplasm is not understood; however, it may indicate that UL32 carries out more than one function. It is thus possible that the role of nuclear UL32 is in capsid localization and that the role of cytoplasmic UL32 is performed at a later step in infection, such as egress of the capsid once it buds from the nucleus. Ward et al. previously reported that another cleavage/packaging protein, UL15, also localizes to replication compartments in infected cells, and we have recently confirmed this finding (64, 69) . Furthermore, UL6 has also been observed in replication compartments (47) .
The presence of UL6, UL15, and UL32 in replication compartments prompted us to ask whether cleavage and packaging occurs in replication compartments or at another adjacent site as previously suggested by Ward et al. for late times after infection. Using a hexon-specific antibody we observed capsid staining which colocalizes completely with replication compartments at 6 and 8 h postinfection. Since DNase-protected DNA can be detected as early as 6 h postinfection, we conclude that at these early times, packaging is likely to occur within FIG. 8 . Replication compartments and capsid localization. Vero cells were infected with KOS (A to C and J), hr74 (D to F), or hr64 (G to I and K) for 6 h and stained with anti-ICP8 polyclonal antibodies (A, D, and G) and 5C monoclonal antibodies (B, E, and H). Panels C, F, and I represent the merged images of staining patterns with ICP8 and 5C antibodies. Panels J and K represent three-dimensional reconstructions from Z series images of KOS-and hr64-infected Vero cells obtained with the Voxel View program as described under Materials and Methods. In a control experiment, mock-infected cells were treated with primary and secondary antibodies, and infected cells were treated with the secondary antibodies alone; in neither case was any cross-reactivity for anti-ICP8 or monoclonal antibody 5C observed (data not shown). Bars ϭ 10 m.
replication compartments. In support of this conclusion, a recent report by Phelan et al. (47) demonstrates that capsid proteins and the HSV-1 DNA polymerase also colocalize at 8 h postinfection. We also analyzed capsid distribution at 16 h postinfection; at this time KOS-infected Vero cells exhibit several different staining patterns (data not shown). In some cells, hexon staining is present in aggregates that resemble the "assemblon" structures described by Ward et al. (64) ; however, in other cells hexon staining was diffuse. Ward et al. have proposed that the overlap of replication compartments with these sites of capsid accumulation may represent sites at which cleavage and packaging occur (64) . While we cannot rule out that some packaging occurs outside replication compartments at late times postinfection, we favor a model in which cleavage and packaging occur within replication compartments. Our model is based on our observations that (i) some cells do not contain assemblon structures even at 16 h postinfection; (ii) at 6 h postinfection none of the cells contain assemblons in spite of the fact that we can detect significant levels of cleavage and packaging; and (iii) hexon-containing capsid staining occurs within replication compartments at 6 h postinfection. It is possible that assemblons which are only observed at late times postinfection represent dead-end accumulations of capsids, which are not destined for the cleavage and packaging processes.
The most striking feature of the UL32 mutant phenotype is the alteration of capsid distribution. Whereas in cells infected with wild-type virus and a virus with a mutant version of cleavage and packaging gene UL6, capsids localize exclusively to replication compartments, cells infected with the UL32 mutant exhibit an unusual capsid-staining pattern in which capsids are not restricted to replication compartments. Instead, many capsids accumulate at the nuclear periphery in areas which are devoid of ICP8. We thus conclude that UL32 may play a role in the correct localization of capsids after their assembly, a role in the packaging process which is distinct from that played by UL6. The DNA bacteriophages provide useful models for the process of genome encapsidation in the eukaryotic viruses. By analogy with these better-studied viruses, we might expect herpesviruses to encode a terminase complex responsible for translocation and cleavage of concatemeric DNA (reviewed in reference 9). In lambda phage, the gpF1 protein influences the efficiency of the terminase (12) and in combination with the terminase may serve to facilitate capsid interactions with DNA (40) . We are intrigued by the possibility that UL32 may play a role similar to that of gpF1 in facilitating the interaction between capsids and DNA by bringing capsids to replication compartments. Our observations raise the possibility that UL32 may be expected to interact with capsids. In this report, however, we were not able to detect UL32 in purified B capsids or in virions. It is possible that UL32 interacts only transiently with capsids in a way that is not detected under the conditions used in this study. In fact, if UL32 plays a role similar to that played by the gpF1 protein of the lambda phage, one might expect a transient interaction with capsids and with the terminase. Although the HSV terminase has not been definitively identified, it has been suggested that UL15 may form part of a viral terminase complex (6, 15, 68) . Recent work in our laboratory suggests that UL15 may exhibit a transient association with capsids; we can detect UL15 primarily in B capsids and in much lesser amounts in C capsids (69) . It is possible that UL32 also plays a transient role in interactions between capsids, terminase, and viral genomes. Further experimentation will be required to test these proposals.
The apparent colocalization of ICP8 and capsids in replication compartments deserves further comment. Replication compartments are large globular domains in which several viral processes are known to occur. In addition to the seven viral replication proteins and several cellular replication proteins which are now known to colocalize within replication compartments, ICP4 and several cleavage and packaging proteins are also observed within these structures. The relationship between these various processes is not well understood. It is worthwhile to note that there are viral processes which occur in the nucleus outside the replication compartments. For example, although we believe that encapsidation occurs within replication compartments, our preliminary evidence suggests that capsids themselves may assemble at discrete sites outside replication compartments and subsequently move to replication compartments prior to packaging (28) . One model, which is consistent with all our data, is that UL32 facilitates the interaction between capsids which may be assembled outside replication compartments, viral genomes which are presumably generated within the replication compartments, and the cleavage/packaging machinery. In cells infected with UL32 mutant virus, some capsids are seen within replication compartments, but a large number accumulate in spaces outside the replication compartments. This may indicate that the appropriate interactions between capsids and the cleavage/packaging machinery leading to the initiation of the encapsidation process cannot occur in this mutant. In fact, the absence of A and C capsids in UL32 mutant-infected cells indicates that encapsidation was not even attempted in these cells. In bacteriophage T4, packaging has been shown to compete with the replication and recombination machinery (39) . It is possible that in HSV-1-infected cells, various competing reactions will determine whether viral DNA undergoes replication, recombination, or cleavage and packaging.
Two major conclusions can be made from the data presented in this paper: (i) in contrast to the results of a recent study by Ward et al. (64) , we believe that cleavage and packaging are likely to occur within replication compartments at least at early times postinfection; (ii) the UL32 gene product acts at a unique step in the cleavage/packaging process and likely plays a role in the efficient localization of capsids to replication compartments. We propose that the inability of capsids to localize to replication compartments may be responsible for the cleavage/packaging defect of the UL32 mutant.
